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CHAPTER 4
L
ABSORPTION OF
SOLAR UV -
SCHUMANN RUNGE NET OXYGEN FLUX
14 CONDUCTION 1
-5 |
_ _ —e-AIRGLOW (MAINLY
- OH-MEINEL)
; 80~105 km
h REGION
]
< 28 = CO, EMISSICN IR)
4
i GRAVITY WAVE
DISSIPATION
| NUMBERS IN ERG CM ™% SEC™!
i
Figure 4-6. Schematic heat budget constituents between

80 and 105km. {From Reference 4-6.)
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O2 SCHUMANN RUNGE

SEMI DIURNAL TIDES
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i . wmsmn DEPOSITION
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Figure 4-7. Altitude dependence af energy absorption and emission,
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CHAPTER 11

lere, K(;l (5cc'1) and Kl'o (bUC-l) are the collisional excitation and
deexcitation rates, respectivelv, [X(i): is the number dcnsity(cm'j)
of species X in vibrational state i, and Ao (sec"l) is the Einstein
coefficient for the transition (cf. Table 11-1). If Zi' is the number
of collisions required to bring about une transition from state i to
state j, and N is the number of coilisions per second experienced
by a miolecule at a given altitude, then }\'i'- N/Z;. . Forthe example
give., Kl'() " NfZ >> Ay 15 the condition to be met if rad.a-

tive ioss 1s not to disrupt LTE. In that case [X(l‘.’/[X(O)] is given
by the Boltzmann factor, cxp[-G/T] , where T is the kinetic tem:-
perature and @ is the characteristic temperature hv,/k of the mode.
When T << 8, the reciprocal of Kfo is a good approximation to the
relaxation time for the system; it applies about as well for a system
of many harmonic oscillators (Referen~e 11-17).

Failure of KIIO to dominate A;q implies IX(Hl/IxXinl< expi-GlT} .
Tyvib € Tkinetic » and thercfore a condition where the volume einis-
sion rate in an optically thin atmosphere is subject to one varietly of
collision-limiting, For most species this condition has its onsc.
somewhere above 70 km, 01 = actual altitude depending on where in
the atmosphere N/Z,q~ Ayjg. Valuesof Z,, for CO, and H,0
are listed in Table 11-2.

The emission features ot the spectra shown in Figures 11-1 and
11-2 are attributable to thermal radiation from chemically stable
species in the atmosphere. For important minor species like O
at 9.6 gm and CO, at i5 gm, the atmosphere is optically thick to
the radiation., The surface brightness of the atmosphere at these
wavelengths approaches that of a blackbody ai the local kineti~ tem-
perature. To calculate the brightness of th- rmally excited transi-
tions for which the atmiosphere is not optically thick, given a specific
slant path, requires a knowledge of the number-density profile of the
emitting species alony the line of sight, .s well as the atmospheric
itemperature in each volume element along the optical path. Then
within each such velume c¢lement, again using the 1, 0 transition of
species X as an example:

LX: :\10 exp.-8/T]

- -3 -1
I'-'ol = Qv photons cm ~ sec ' (11-3)

where lvol is the volume emission rate, QV is the vibrational par-
tition function for species X, and [X_ is the concentration of species
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Figure 11-5. Ecrthshine in the 1000-1450 — region (Reference 11-41).
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Figure 11-6. Earthshine in the 400-1000 cm”! region (Reference 11-41),
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CHAPTER 12

emission lines in Tabte 12-3, Values at wavelengths less than 304 A
are presented in Table 12-4, From 1250 A to the ionization threshold
(1027, 8 A) the spectrum is complex with several regions of low ab-
sorption (References 12-4, 12-3, 12-17, 12-25, 12-26), such as the
important ! Ly & window (Table 12-3). In the ionization region,
Table 12-3 includes both total absorption and ionization cross-sec-
tions, and is based on several measurements (References 12-18,
2-27 through 12-30), which are in general agreement with carlicr
wourk (Reference 12-4). The cross-section curves are available
in the references,

lable 12-3. Absarption and ianizatian crass-sectionsof O, N2 , ond O at
salar lines. Crass—sections in Megabams (10-18cm?). Volues
based an data in References 124, 12-18, 12-27, 12-28, 12-29,
12-31, 12-36, 12-37, 12-43, ond 12-47. Table prepored in
colloboration with R, |, Schoen and based on Reference 12-5.

Salar Line Class. __6_2 N2 o
A (A} o o; o o; o= 0;
1215.7 |H Ly~ 0.010f 0 <6x167 0 0
1206.5 |5 I 15 0 ~0 0 0
1175.50 |c m 1.3 0 - 0 0
1085.79 N T yad 0 - 0 0
1037.6° o @ 0.78 ] 0o |<x10| o 0
1031.9 |ow 1.04 0 ax10% | o 0
1025.7 |HLy8 1.58 98 | <1073 0 e
991.6° Inm s | | e o 0
989.8% NI 1.4 [o.95bec ] 1.c 0 e
977.0 |cm 4.0 2.5 0.7¢ | o 0
972.5 |HLlyy 32 25 | 3wobc | o 0
949.7 |H Ly 6.3 4b 5.2° 0 0
937.8 |HLy 5.0 3 10° 0 e
930.7 |HLy 2 17 4.8 | o e
%04.0 |cm 1 6.2 | 6.3 0 3.0
12-11
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Table 12-3. (Cant'd.)

Solar Line|  (qss. 2
X (A) o o; o o; g = 0;
835.3 |lom 10 3.7 20° 0 2.6f
835.1 lom 10 3.7 | ab 0 2.4
8345 lon n 4.0 72| o 2.6f
833.7 |om 13 5.1 & 0 2.6
833.3 |on 13 5 2.3 0 2.6
832.9 |lom 26 10 Vel 0 2.6f
832.8 |on 26 10 2.1 0 2.6
790.2 |orz 28 10 22° 1007 € 2.9
790.1 |lom 28 10° 28° T 2.9
787.7 oY 24 1P 10° 8¢ 2.9'
780.3 |Ne ¥IO 28 nb 19 - 2.9
770.4 | Ne ¥IO 18 1 15 - 7e
765.1 |NTZ 23 12 67° e
760.4 |o¥ 20 10 40 22 2.9f
703.8 |om 26 23 22 20 6.5
702.3 |lom 24 21 24 22 6.5
686.3 N 22 22 25¢ 24° 6.5¢
685.8 |NI 18 18 26°¢ 25° 6.5
685.5 [N 18 18 25° 24° 6.5°
685.0 |NM 26 26 25° 24° 6.5
629.7 lox 30 29 23° 23° 9.0
625.0 |MgX 25 24 24 23 9.0
610.0 {MgX 27 25 24 24 9.0
599.6 |omm 28 27 23 22 9.0
584.3 |Hel 23 23 23 23 9.5
555.3 |OoI¥ 26 25 25 24 9.5
12-12
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CHAPTER 12
Table 12-3, {Cont'd.)
; 0

50';;;)me Clog 0 2_0- o 0; o ? o;
554.5 |O X 2% %6 25 23 9.5
554.1 [OI¥ 26 25 25 24 9.5
553.3 low 26 24 25 24 9.5
537.0 {Hel 21 21 25 24 9.3
525.8 lom 25 24 2 26 9.3
52.2 |Hel 21 21 24 23 9.3
508.2 O I 24 23 22 22 9.3
507.7° lom 23 22 24 24 9.3
507.4
435.0 jom 21 21 24 24 9
430.2° lon 18 18 21 21 9
430.0
429.9
303.8 |Hel 17 17 12 12 8.5

Nares:

b

cable,

- O a o

line.

See text and re ferences,

Consideroble variation omong measurements.

a . .
Blerd af several lines observed in salar spectrum.

The absorbing gas has discrete structure ot this wavelength and thus the
cross-section presently measureable given in the table may not be appli-

These lines not resalved in labaratary crass—sectian measurement.
Possible averlap vsith atomic oxygen graund-state (3P) absarption line.

Possibie overiap with atomic axygen metastable -state (]D) absorption

REVISION NO. 4, MARCH 1975
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Table 12-4, Absorption cross—sections? at wavelengths less than 304 A,
Dota primarily from References 12-47 212-89, 12-90.
Cross—sections in Megabarns (lO‘lscm ).

Wc:weleﬂgthb o) N 0
(A) 2 2
247.2 12.3 9.8 6
209.3 9.0 6.5
100 1.9 .84 0.8
68.0 .9 .50 .2
44.6 .31 .18 .1
13.4 .29 .089 .14°
9.9 14 042 o71°
Notes:
These cross-sections are assumed to be equal to the ionizatiorn cross=
section at least tu 100 A, although there are no yield meosurements,
There are a number of solar lines in this region, but there have been
few measurements, ond also the cross—ection curve appecrs to be
relatively smooth. The wavelengths used should allow o reasonable
estimate to be made.
This value is one-half the O2 cross=section.

Thne dissociative ionizaticn process giving OY and O begins at
662 A, and the yield appears to be less than 10 percent of the total
ionization yicld in the region down to about 450 A, with a conven-
tional magnetic mass spectrometer {Reference 12-31). However,
cxcess kinetic energy has been found in the product ions, and a
more recent estimate is 15 percent dissociative ionization at the
584 A linc {Reference 12-32). The cross-sections for excitation to
various specific molecular ions over a range of wavelengths (Refer-
ence 12-33) are given in Figures 12-5 and 12-6. These were obtained
by energy analysis of the emitted electrons,

Appreciable quantities of the metastable oxygen Oz(a.l } molecule

appear to be present in the upper atmosphere (References 12-34,
12-35). It is conceivable that absorption by this molecule may be

12-14
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<,
2p3 2P, These lines have been classified and measured in absorp-
tion {Reference 12-36), which enables the previously unknown auto-

. ionized lines to be chserved. The lower members of these series
are shown in Figures 12-8 and 12-9, with the unautoionized levels
indicated by an asterisk. Accidental line absorption (References
12-18, 12-20) has led to cross-section measurements that are
larger than nearby points, as shown by the dashed lines beneath
some points in Figures 12-8 and 12-9.

There has been a theoretical calculation of some autoionized
line profiles {(Reference 12-51). The published calculations used
a bandwidth corresponding to 1 A, Since the measurements used
a*omic lines, this bandwidth is considerably too large to use in a
meaningful comparison with experimental values. Further
calculations using a 0.1 A bandwidth (Reference 12-52) are shown
in Figures 12-8 and 12-9. These profiles and maxima are in much
better agreement with the available cross-sections and with estimates

r— P T TR TS YT VY T

of absorption line maxima (Reference 12-53). Some maxima are not
;- shown because the calculated points were too widely spaced in
wavelength.

Both the Zp4 lDz and Zp4 lSO metastable states of atomic oxygen
are known to be present in the atmosphere, Measurements of
absorption series of these metastables have been reported (Reference
12-37). There also exist calculations of their ionization cross-

4 sections (Reference 12-46) and a review of O(lD) formation and
reactions (Reference 12-54),

A T e

It is possible that atmospheric spectrophotometric measurements
may be influenced by the accidental overlap of a solar emission
line and an atomic oxygen line {(Reference 12-53).  An abridged
version of the possible solar lines involved is given in Takle 12-5.

For a number of atmospheric problems, the cross-sections for
ionization between specific clectronic states of the atom and the ion
are required., These are given for all 2p4 - 21:)3 transitions in
Figure 12-11 {Reference 12-55), which is based on an interpolation
formula developed following close-coupling calculations {Reference
12-56). This formula does not include the autoionization structure
apparent in Figures 12-8 and 12-9, which is based on experiment
and on more detailed calculations. Thercfore, Figures 12-8
through 12-10 are more useful for total attenuation calculations
3 and Figure 12-11 is necessary to calculate the products,

12-21




ey ———

o

DNA 1948H

Toble 12-5. Atomic oxygen lines which moy absorb solor lines. Atomic

oxygen resononce lines (1302, 1305, 1306 A) not included.
References 12-36, 12-37, 12-53 give detoils.

SOI?;\;JM C I(:i)ne Clossificotion Remorks
1025.7 1025.7 392 _34°0° o
989.8 990.13 39‘ -3 %p°
937.8 937.84 392 -7 %¢
930.7 930.89 3P‘ 74 %p°
835.3 835.44 '02 -iod ', 'o°
834.5 834,34 ', - 12 '0°
832.9 833.10 'o, - 124" '¢°, '0°
787.7 788.18 ]Dz -5 1p° b
770.4 770.35 39‘ -4d 392°
761.1 761.26 'n, -6d" 'F°, '0° b
686.3 686.28 %, -5d" %, °0° b, c
685.5 685.54 392 _ 54" 3p° 3p° b,c
Notes:
© Solor line known to be brood.
Atomic oxygen line broodened by outoionizotion.
© These lines known to overlap. See References12-25 ond 12-27.

12-22
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Toble 14-1. Effective line excitation cross-sections of the Meinel bands ofNE.
NN
2 2
3 1
WOV?E)HQH‘I vl' v E (ev} 0“0-190“2)
' 2.4°
& 6106 4,0 100. i | “ab
6268 5,1 100. 2.7°
a
7240 5,2 100. ‘ ?'gb
2145 1,0 100. 10.°
r 9431 2,1 100. 58,9
1
11036 0,0 100. 80.9
; Notes:
F l The electronic transition for this system is AZHU - X%; .
Ff" ° The data were taken from Stanton (3710).
1 2 The data wvere toker from Simpson (3981).
F’ N, N, BO45A (3.1 band: A’.’!u-xg‘_‘g)
- ’ —— ¢ Srnivastava (3764
‘b X Stanton (3710,
| i |
= - fl
r z .
z 117
ID-n Y I
10°? 103 10"
ELECTPON ENERGY (eV)
Figure 14-33.
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Toble 14-3. Effective dissaciative ionization cross-sectians of No .

+
Wavelength . -
(A) Transition E (eV) a(10 lacmz)
5 5
623.9 | 3' 7P - 2p' s 100. 0.23
3 3
645.6 2p' 7S - 2p7P 100. 0.25
671.4 | 2% - 20% 100. 4.5
746.4 | 3P - 20'D 100. 3.2
746.4 | 200 'p = 2p's 100. 3.2
7750 | 20 'o-2'p 100. 2.3
918 20 % = 2p°p 100. 1.9
3 3
1084.4 | 2p' °D -2p°P 100. 20.4
3 3
5667 3p 02 - 3s P] 500. 0.0886
3 3
5680 3p D3 - 3s P2 500. 0.231
Nate:
] Cross-sections at 100 eV were megsured by Sroka (3833);
cross-sections at 500 eV were measured by Srivastava (3943).
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CHAPTER 16

16. CHARGED-PARTICLE RECOMBINATION PROCESSES

Monfred A. Biondi, University of Pittsburgh
(Lotest Revision 18 November 1974}

16.1 INTRODUCTION

Recommbinmation between electrons and positive ions or betweenposi-
tive and negative ions may proceed as a direct two-bedy interaction
o7 gy require the assistance of a third body, suchas a neutral mole-
cule or perhaps another electron. (Processes in which a positive or
neeative 1on ols as the third body have not beoen studied; however, un-
der circumstances of iterest one expects such processes to be of
lesser mmportance, boAs we shall see, much of our quantitative nfor-
mation concerning recon.bhination rates has beenobtained from experi-
ment; however, 1o a nuimber of cases theoretical estimates are atl
we have for the rate of 4 particular recombindation process.  Probably
the most extensive expernmental work has been devoted to studices of
two-body recombination processes, especially dissociative clectr on-
fon recommbination, with substantial work on collisional-radiative
clectron-ton recombination, (At moderate to high plasma densities,
clectrons act as third bodies in the latter reaction,) Three-
body, neutral-stabilized electron-ion recombination has been
studicd experimentally and hittle more than estimates of the rate of
such recom:bination have been nade theoretically, In the case of ion-
ton recombination there are some experimental data concerning both
two-body {mutual neutralization} and neutral-stabilized, three-body
recombination.  llowever, only a4 few cases or interest have been
sturhierd; thus apoeal will also be made to theoretical calculations for
estunated rates. A discussion of electron-ionandion-ionrecombina-
tion processes of importance in the upper atmosphere has been
given 1n a review [Reference 16-1),

The principal reconmibination reactions we shall deal with may be
placed in the fotlowing simphfied classifications:

A. Flectron-ion

i. Two-DBody

+
a. Dissociative XY te-X+Y {16-1)

16-1
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l. Two-Body (Cont'd.)

b. Radiative?! X + ¢ - X::: + hy {16-2)

I~

Three-Body

a. Electron-Stabilized X

te+rte~X"+ e {lu-3)
+ B
b, Neutral-Stabilized X + ¢4 M-X"+M (lou-4)
B, lon-lon
l. Two-Body
+ -
a. Mutual Neutralization X +Y - X+ Y (16-53)

2. Three-Body

a, Thomson (neutral- '
stabilized) X + Y + M-=X+Y+ M (l6-6)

In following sections the rates of specific reactions of interest
are presented and pertinent factors relating to the reliability of
the measurements and/or theoretical calculations are discussed.

16.2 METHODS OF MEASUREMENT
AND ANALYSIS

With the possible exception of merged-heam and certain shock-tube
measurements, determinations of recombination co2fficients start
with the appropriate continuity equation for the clectrons or ions un-
der stu:ly."-Jr Using electrons as an example, we have, at a given
pouIint in space:

—

7:11(‘;"731 =Pk -L Lj -5+ T, {16-7)
! J
where Poorepresents the rates of various processes leading to elec-

tron production (e, g,, photoronization), L;

J

represents the rates of

* These two reactions taken together comprise the "Collisional-Radia-
tive'' recombination process, 1.e., A, l.band A, 2, a.

tin the case of varying clectron or ion "temperature’ during the
measurcements, it 1s necessary to use the full Boltzmann Trans-
port Fquation in the analysis.

16-2
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l1o-2:0) has a differentially-pumped mass spectrometer been used
to plentify the 1ons present, although in one the mass spectroneter
coubd only be onerated at pressures Tower than those used in the ac-
tual recombination studies {Reference 16-7),

Weller aied Poondn {Reterence 1To-2-4) deternined the vatues of
QiNO™Y at gas tenperatures of 200, 500, and 450K from “single-
pulsce-aftervlow  studies of electron-density deciays in photolomezed
NO-Ne pnstures, At allb temperatun es conditions were achieved
where MO was the unly siemaficant afterebow 1on, awd 1on “tracking '
ot the clectron-density decays vas satinfactory, Cood fits of the
clevtron decays to computer solutions of Fquation(16-10) suggested
very vood (20 10 percentt acouracy inthe determinations, The values
obtaiped were {(7,420,7), (1, l::))' 3) and 3. 1:0,2) x 1071 c";i/suc

at St e Gk A0 L respectively,

Fsoventat Do tenn peratures, where Weller and Brondi found that
it required consederable care to achieve corrhitions which finnted the
cotcentration ol the tdhhiner on (.\'O-;‘\'O+), the results were in good
avrecinent with those of Gunton and Shaw (Reference 16-7), whose
cariier stadies sy similar photoronization and mivrovwave tech-
srgues had not involved mass-spectrometer operation under recoms-

prnation-controlled (high-pressure) conditions, Therr values were
- ! R “. 5 =

= -0, 2 -5 Y ; : .

tho o, H.'._L j\.ql:rl URPERNNTHR-S IS 107" G2/ sec wt L9n, 206, and

ok, respectively, The ol value s almost certinnly high owing to
the interferen v oot the dyprer con, whose recorhination rate 1s dis-

cussod below,

Farbier stodies by Docerne aned Mahan (Reference Fo-3) of photo-
tonnzed N0 wste Langmuir probes to determine the positive ion den-
sities had fed to estinates of the recombiiaation cocfiicient at 300K
lvine between 2w b0 cin Y sec, from the stationary-ion-density
roethod, Fgquation {1 1o-14), and & « 107 on )'.J'a'm . frum analysis of
repetitive -aftery Jow decay data, using Hquation {(16-12), with
f <1,

Much better suceess in obtainmng consistent results between the
stationary-ion-density method amnd a time-variation tmethod (1n this
tase, rate of growth nicasurements) has been obtamed by Youne and
St. John (Reference 1o-0), who ensployed chennomeation in Noand
O atem noxtures to produce NO© 1ons, Using ionization- chamber
charge-collectiontechniques todetermine iondensities, they obtained
= (5¢2) x 1077 rms/s:-r at 300 K, in satisfactory agreement

16-41




L e

DNA 1948H

with the results of Weller and Biondi (Reference 16-24), and of Gunton )
and Shaw (Reference 16-7). At the present time, negative-ion accumu-
lation effeces in the stationary-state method have not been evaluated.

Van Lint and Wyatt (Reference 16-25) reported microwave after-
glow measurements on lle-NO mixtures 11000:1), ionized by a pulse
of energetiv (Mevl electrons, Over the mixture pressure range ~10
to 100 tors they obtained @ =5 x 10-7 cmz/seC, independen of pres-
sure at 30U 11, Rather impure NO samples were used in these studies,
as evidenced by anomalously large attachment losses,

The several rocm-temperature measurements appear to support
the value o/NO"y = ($.1:0.3) = 10-7 -._'mj/sec, independent of the
means of generating the NO'.

Two recent experimental stadies have been carried out concerning
the variation of «{NO'+ with c¢lectron temperature. Walls and Punn
(Reference 16-26) noted the depletion in trapped NO' ion concentration
when an vlectron beam of controlled energy traversed the trapping
region, and determined the recombination cross-section as a function
of electron energy for NO’ ions presumably in the v 0 level of the
lxl.‘.")ground electronic state. Huang, Biondi, and Johnsen (Reference
[6-27) employed the microwave heating apparatus of Mehr and Biondi
{Reference 16-21) with some minor improvements to determine «(NO*!
vs Te in NO {~ mtorr} - Ari{~I0 torr} afterglows. The tombined
photoionization of NO by Il {Lya) and Penning ionization of NO by Ar
metastables resulted in NO™ ions which were in the ground electronic
state (X271 and probably the v=1 or v=0 vibrational level during the
measurements.

The results of the several measurements are plotted in Figure 16-2.
All three of the experimental results shown are in satisfactory agree-
ment in the range T, 200 - 500 K, but the microwave afterglow

measarements ahove 500 K indicate a T, '(7 t 0.03) variation. while
0.83 )

0.16
the trapped ion measurements sugg..st a T 0. 04/ variation up

to ~5000 K and somewhat less variation above that temperature, At
precent, we cannot satisfactorily account for these rather different
variations hetween the afterglow and the trapped-ion results in terms

of the possible differences in vibrational level of NO' in the two studies.

Results of theoretical calculations by Bardsley (Reference 16-28)
and by Michels (Reference 16-29) are also shown in Figure 16-2.
Ba rdsle¥ calculated the contribution to «{NO') resulting from formation
of the{B2I) and the(B3* 2 A) repulsive states of NO* and obtained a lower
limit for (NO'). Michels used configuration-interaction calculations
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of the wave functions and potential-energy curves to determine the
repuisive curves, concluding that the (‘3’2') and (Baﬂ) states were
important for electron capture by NO' (v=0) ions. While the two
theories disagree by a factor of ~2. 5 (the approximate uncertainty
in .\‘:icbels' calculation of the initial capture step), they both indicate
~T{.O'  temiperature dependence over the whole energy range. Until
the reasons for the discrepancies among the various determinations

TA 10 L L L L 1 © 7T !l T T ¥ l’ T o0 ll L]

9 7F & WELLER AND BIONDI py 2
@ s[ “\ (A - GLOW, NO +e — N+0O| -
2 . 3 T VARIATIUN) -
A 5} )
g HUANG, BIOND} AND

T - JOHNSEN (A - GLOW) A
5 BARDSLEY

& 5 _ (Th

v 1% 10° _
o — ;
Y i 1
8 8.7 - Michels -
z 95T (Th) ™\ WALLS AND ]
0 l ™~ _ DUNN

- ™ +
< 0-3 m \

Z ~

2 - (TRAPPED
o IONS)
w

o 0.1 1 g Laaaald 1 s 9 1l 1

102 5 108 5 104

ELECTRON TEMPERATURE (K)

Figure 16-2. Twa-body ¢ -ctron-ion recambination coefficient a(NO™)
as a function of electron temperature. Experimental results
are from Weller and Biondi {Reference 16-24), Wells and
Dunn (Reference 16-26), and Huang, Biondi, and Johnsen
(Reference 16-27). Theoretical curves are from Bardsley
(Reference 16-28) and Michels {Reference 16-29).
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can be clarified it is sug%ested that the value a(NO') = (4,2 : 0,2) x
10-7 (T /300)-(0. 50 + 0.15) c;3 sec-] be used over the range 300 -
5000 K.

Finally, as in the case of nitrogen it has been possible to obtain
a value for the recombination of the dimer ion (NO-NO+) by in-
creasing the partial pressure of NO to ~ 0,2 torr inthe NO-Ne
mixtures, From such studies Weller and Biondi (Reference 16-24)
find (NO*NOT) = (1. 720, 4) x 10°® cm3/sec at T = 300 K.

+ 4+
02, O_;

Simultancous mivrowave and mass-spectroscopic mmeasurenmients
of electron and positive-iondecays in oxygen-neon mixtures have
been used by Kasner and Biondi iReference 16-30) to determine G(OE)'
A “single-pulse-afterglow’ method was used to avoid negative-ion
acrumulation effects and it was found that, incontrastto ea.rller repeti-
tive pulse-afterglow studies (Reference 16-31), the O ion wall cur-
rent accurately tracked” the rcCOmbination-controllc,d electron-den-
sity decay, At 300K, a value n(O}) = (2.220.5) x 1077 em3/sec was
found {rom l/’n .} versus t plots cxlnhi*ing, linear regions, f 210
over Lhn rangua yx 107 < p(O») < 10° << torr and piNe) = 20 torr. In
these studies it is possible that the 5P2 neon metastables produce
O, ions in their ground clectronic state and a high v1brat10nal state
(v % 20} or ¢ven in the first excrted electronic state {a I'lu) Intriple
mixture {Ne:Ar:0;,) studies, attempts were made to limit the Oz

rons to the ground elevtronic and lower (v £ 5) vibrational states,

Mehr and Biondi (Reference lu-21) have used a microwave afier-
glow/mass- spectrometer apparatus ¢nmploying microwave el(.ctron
heating to detcrmine OI(OZ) in oxygen-neon mixtures. Good O ion
tracking of the electron-density decays was obtained and accurate
values of G(OE) weredetermined from comparison of the experimental
data with computer solutions of Fquauon(lb 10). At T,=300K a
value 0'(()2) (1,95:0,2) x l()" crn /sec was obtained, :n good
agreement with Kasner and Biondi's results.

Previous microwave afterglow work without mass identification
of the ions by Biondi and Brown (Reference 16-16) and by Mentzoni
(Reference 16-321 led to values of @ 3 x 10-7 and 2 x 10-7 cmjfsec.
respectively, at low pressures (= 2 torr) of pure oxypgen. However,
at even lower oxygen pressures in oxygen-heliuny niixtures Kasner,
Rogers, and Biondi (Reference 16-31) found substantial O'E ion con-
centrations, so that the afterglow ionic compositions in the studies
without mass analysis are in doubt,
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\ In temperature-dependence studies Kasner and Biondi (Reference
[6-30) find that, over the range 205 to 690K, a(O*) for ions in the
(Xzﬂg) ground state decreases from the value 3, 0 x10-7 to 1.0 x
10-7 ¢cm3/sec, Theseresultsare shownbythe X-symbols anddashed
line in Figure l16-3, Similarly, Smith and Goodall {(Reference
16-33) have used a Langmuir probe to determine electron-density
decays in oxygen-helium afterglows; however, althoughmassanaly-
sis of the ions had been employed in related ion-molecule reaction
studies, they omitted such analysis in the recombination work, { They

L T T v LI DL LI Bl | l" LI b LJ
— 5.0t~x 10 7 -
‘o 4.0k . i
2 L OXYGEN i
™
E 3.05— g
> F :
— i 3
s n =
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= o .
8 E i 2
O 0.8F .
z ~ ,}’\(_T 0.5
= 0.6: e .
% 0.5~ '\\ -
@ 0,4} 0o s
5 I s *\f;
; 0.3} y
- b
4 | T | ll'lllllllllllllllllll 4 2 3 1 g

1
200 400 600 1000 2000 4000
TEMPERATURE (K)
Figure 16-3. Twa-body electron-ion recombinotion coefficient &{O3) os o
function of temperature, The experimentol results are

Kosner ond Biondi (KB) (Reference 16-30), Mehr ond Biandi
(MB) (Reference 16-21), ond Scyers (S) (Reference 16-34).

16-15

REVISION NO. 4, MARCH 1975

‘_ | - .




;FW

ey

DNA 1948H

are remedying this deficiency), While their value at 300K is in good
agreement with the data of Kasner and Riondi, the variation with gas
termiperature is less rapid. Similarly Mentzoni's data (Reference
l6-32y. taken over the range 300-900K, fall consistently higher than
Kasner and Biondi's results at the higher temperatures. As are-
sult of lack of ion identification in the studies of Smith and Goodall
and of Mentzoni, their iaferred temperature variation of a(Ot) is
praobably less reliable. -

Melhir and Biondi (Reference 16-21) deternuned n«(OE} over the
range 300K - 'I‘c < 5000 K (with T, = Tgas = 300 K) and found Ehat
the recombination coefficient varies approximately as 'l‘c'o' "0 he-
tween 300and 1200K, and as Tc'o' 2% hetween 1200 and 5000 K. Sayers
{Reference lv-34 using a Langmuir-probe/mass-spectrometer
apparatus to study oxygen-helium afterglows, reportedthe value O(Oz)
=4 x 1078 cmilscc at 'I“_ = 2500K, in fair agreement with the re-
suits of Mehr and Biondi. The various data arce given in Figure 16;5
and 1t will be seen that, over the common temperature range, 0{(05)
exhitits roughly the same energy variation when T, alone and when
T, and [} together are increased above room temperature, provided
binary n.ixture (O:Ne) data are compared. In this case, there may
he some effect of excited (a’*l’lul O:'f,_ ions ¢n the recombination deter -
munations,  Only 1n the triple-mixture studies {Ne:Ar:0p) of Kasner
and Biondi (X-symbols in Figure 16-3) can one assume that the 03
ions are in their ground clectronic state.,

Finally, at low temperatures Kasner and Biondi (Reference 16-
10y were able to separate the offects of O; and Of’i on the recom-
binatron loss of ¢lectrons, and found a va.i:w 0(0;) ~2.3x 100
e d/sec at 205K fur the diner ion.

Zipf iReference 1r.-95) bas measured the branching ratios for pro-

duction of various O-atom states. For ecach O3 ion recombined,
twoe O dton.s are produced in the ratios 1,0 3Py . 0.'.1(113) -0, 1(1s),

Hydronium Series and Other luns

Although measureiments bave been carried out in other gases of
possible ionospheric interest (c.g., NOjp), lack of ionidentification
makes reporting the deduced recombination coefficients speculative,
In general, at 300 K the “lighter' diatomic molecular ions (including
Ned) yield & values in the range (2-5) x 1077 em3/sec, while the
more complex 1ons, judging by the behavior of L\'I , (NO-NO*) | and
O:. may exhibit substantially larger values. i.e.. a>10"%cm3/sec,
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L. Of particular importance, in view of its discovery in D-region
rocket sounding, is the hydronium-ion series, 1—130+ (HZO)n. where
n-0, 1, 2, ... . A considerable amount of activity has focused upon

laboratory determination of the corresponding recombination rates.
In earlier studies, Green and Sugden (Reference 16-36) used a mass

. spectrometer to measure the decay of I-l3O+ ions from a hydrogen-
oxygen-acetylene flame at approximately 2100 K, and found a value
a(H3O0 )~ 2 x 101 cm3/sec. Wilson and Evans (Reference 16-37%)
used microwave techniques to measure the decay of electron density
behind shock fronts in argon containing small amounts of oxygen and
hydrocarbon (e.g., acetylene). Presumably the ion in these recombi-
nation-controlled decays is H30 . They found that & varied approxi-
mately as._‘T"2 over the range 2400 K < T <5600 K, with a value a=
1.5x 10" em? sec at 3000 K. With the usual inverse temperature
dependences encountered for dissociative recombination, a value in
excess of 10°° cm3,'sec at 300 K is implied.

l.eu, Biondi, and Johnsen (Reference 16-38) have reported meas-
urements of hydroniuni-series ion coefficients using their microwave-
| afterglow mass spectrometer apparatus. [’sing varying amounts of
water vapor in helium buffer gas and varying the gas temperature to
control the members of the hydronium-series ions present in the after-
glow, they were able to study one or two of the ion types at a time,
They found recombination rcoefficients ranging fromaf{l19°)Y = (1.0 : 0. 2)
x 107 emPsec-! at T=540 K to @(127°1 = (10 - 2) x 106 cm3sec-! at
205 k. In addition, anly : weak temperature dependence is seen in
the studies of @15% "1 at 540, 415, and 300 K. The inferred tempera-
ture dependence. -—T'O' ‘1, is weaker than that found for dissociative
recombination, sugpgesting that {for these complex ions, the very
large recembination coefficients may result from excitation of internal
modes (e.y. . rotationi in the initial capture step, thus lengthening the
autoionization time aud assuring stabilization by dissociation.

Other ions of interest which have very recently been studied include
HCO™ (Reference 16-39) and the NI (Nli3), cluster series (Reference
16-401. It is found that under contitions where Te =T, - T, these
afterglow studies indicate that aiHCO™) (3.3 : 0.%Yand (2.0 : 0. 3)

X 10'7 crrr‘..qec;'l at 205 and 300 K, respectively, whilea(Ntl|) = (1.3
£ 0.3)x 1078, @ [NHJ(NHy)| = (2.4 : 0.4 x 10-% and a [NH}{NH,),]

(2.8 0.4) x 10'6 cmBSec'l, at 300 K,
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Theoretical Calvulations

Substantial propgress in theoretical calculations of dissociative
recombination « oetficients has been achieved in the past few years.
In addition to the previously mentioned calculations by Bardsley of
alNO ) (Reference lv-2n1 and its variation with T, and with T;. there
are «alvalations by Wilkins and by Warke of OE(I\E) and &/03) for ions
in their ground vibrational states (References In-4!  16-42}), which
vield valies in qualitative acvreement with the experiniental data at
300 ¥, All of these calcilations either make assuniptions or use
spectroscopivc data in an effort to characterize the potential curve
crossings in the direct dissociative process and are not, therefore.
ab nitio theovretical caliulatiuns.

Nielsen and Berry (Reference 1t.-43) have carried vut ab initio
calcualations of the potential curves of the Rydberg states of the H>
molecule which may contribute to a special form of the “indirect”

issoviative recombinatian prucess. and have found that to reach
the vibration continuum of one of the Rydberg states so that dissocia-
tion van uccur, the 1i, ions must be in their v 7 vibrational s:tate
This it appears that this mmechanism does not provide a significant
«ontribation to the overall dissodiative recombination process

A difftculty with ab initio calculations of the direct dissociative
provess anpears to be lack ot a saitable technique for calculation of
the repalsive potential « irves of the excited molecule in the region
where thev cross the molec ilar-ion state

e 3 1.2 RADIATIVE RICOMBINATION

Nost of the availasle intforn.ation converning rates of radiative
captiare of electrons by positive tons «umes from theory (Keferences
Iro-34, 1r 35, The radiative process tt.quation l+ -2s will only be
uf irr.nortance when the nwlecilar-ion atomic-icn ratio is small
- “* and when charved-particle densities are low (€ 107 em= 3,
Theury indi ates that fur captire into the lower levels of the excited
atorn., the partial recomnbinaiion coetficient varies as Te'o' 7 while
for canture into the highly ex.ited states lying within =~ kT of the
7. T'he overxll recom:-
= The calculated
recornbination coefficients fur variouns positive ions appear to be

cuntinuun:, it varies approximately as Te'l
bination coeefficlent varies approximately as Te

giite sirilar in magnitarle. varving by less than a factor of two in
going from ! to ¥.°  The -dependence of the radiative recombination
coefficient on electron tenperature for He or !i’ ions is shown in
Figure It -1 by the intercepts at the 'ow-electron-density end of the
scale, illustrating the = Te'n' ‘ dependence The little experimental
evidence relating to radiative recombination suppourts the calculated
magnitiuade of the coeffic ients
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' Figure 16-4, Effective two-body recombination coefficient for collisional-
radiative recombination of electrons and H* ions as a
function of electron density, over a range of electron
temperatures.

16.3.2 Electron-lon Recombination =
Three Body Processes

o, 3. 2.1 ELECTRON-S5TABILIZED
RECOMBINATION

Under circumstances where a relatively large electron density
(210% cm=3) s present, capture of a. electron by an atomic ion is
assisted by a second electron (Equation 16-3), leading to the ""col-
lisicnal™ part of collisional-radiative recombinaticn. Here azain,
more 1s known about the process from theoretical calculations such
as those of Rates, Kingston, and McWhirter (Reference 16-146), based
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on the use of certain measured collision cross-section data, than

from experiment. It appears that the recombination coefficient is
not particularly sensitive to the identity of the singly-charged ions,
and available experimental results (References 16-47, 16-48) are

consistent with the calculated values,

Essentially the same three-body coefficient k3, is obtained for
He* and I ions, at "'low’” electron temperatures, T. <2000 K,
one has a variation of k3, approximately as Te'4° 5, In comparing
this three-body rate to two-bodyv rates it is useful to note that at
300K the equivalent two-body rate for this process is "a3. ' =
(10'19ne) cn13/sec, where n, is expressed in electrons/Cm3. Thz
results of the calculations of the electron-stabilized recombination
coefficients are shown by the lines which approach a 45-degree slope
in Figure 16-4,

16.3,.2.2 NEUTRAL-STABILIZED
RECOMBINATION

In the lower atmosphere, where neutral-molecule concentrations
are large, Reaction (16-4) may raise recombination rates above the
dissociative value. There is a limited amount of experimental in-
formaticn concerning the rate of neutral-stabilized, three-body re-
combination, and available theory yields little better than a crude
estimmate of thc possible rates. Deloche et al, and Berlande et al
(References 16-49, 16-50), have studied electron loss by recom-
binalior. as a function of ncutral concentration in a high-pressure
helium-plasma-afterglow, They used microwave interferometry
techniques to determine the electron-density decay bot did not em-
ploy a mass spectrometer to analyze the ions. At low-to-moderate
electron densities they find the rate coefficient to be two-body in
character with respect to electrons and ions and to vary directly
with the neutral helium concentration, suggesting that the proc:ss
under study is:

+
ch - ¢ + He — neutral products . 16-15)

They obtain a three-body rate coefficient k = (2.0:0,.5) x 10-27
cmb/sec at 300 K.

On the theoretical side, Massey and Burhop (Reference 16-51i
used an argument paralleling Thomson's theory for iuns to suggest
that for "air' ions at 300K the coefficient may be of the order

16-20

REVISION NC. 4. MARCH 1975




CHAFTER 16

kyn &6 x 10°27 cmb/sec. There is no information which can be used
to set error limits on this estimate; however, a distinction has been
made betweenatoms and molecules acting as thirdbodies instabilizing
the recombination, owing to the fact that the molecule is more
effective than the atom in removirg kinetic energy at a collision with
an electron as a result of the large number of low-energy vibrational
and rotational states which may be excited. This factor was taken
into account inthe estimate of k;  for "air' ions and neutral stabilizing
molecules, If for some reason only atoms are present, kj,

may be substantially smaller. This theoretical prediction is in ac-
cord with the experimental determinations for helium, which reveal
arather smaller value of k3n when atoms (helium) are the stabilizing
agent,

The modified Thomson theory suggests an energy variationapproxi-
mately as T,-5/2 for the neutral stabilized process. This leads to
the general rate coefficient for any positive ion of:

/2

k3, =1 x 10-126¢1) (1",31300)'5 cmb/sec , (16-16)

where the order of magnitude of the quoted uncertainty is in doubt.

16.3.3 lon-lon Recombination=—
Two-Body Processes

16,3,3,1 MUTUAL NEUTRALIZATION#*

Several studies of ion-ion mutual neutralization, Equation(16-5),
have been carried out at near-thermal energies., Greaves (Refer-
ence 16-9) and Sayers (Reference 16-52}have investigated halogenions
such as lZ and 1. An afterglow technique was employed, making
use of radio-frequency (= 10 MHz) determinations of the dielec-
tric coefficient of the ions to determine ion concentrations. lon
identification was supplied by a small, differentially-pumped mass
spectrometer appended to the experimental tube (Reference 16-9).
In iodine (Reference 16-9) and bromine (Reference 16-52) vapor, a
coefficient Op,n &~ 1 x 10-7 ¢cm3/sec was found at T & 300K from
curves having f values between 2 and 6. With increasing tempera-
ture from 300 to 340K, & decreased from 1.2 x 10" 7 to 1.0 x 10" 7
cm3/sec in iodine, leading to an approximate T-3/2 dependence
over this extremely limited range.

*The author wishes to thank J, R. Peterson of Stanford Research
Institute for his contributions to the writing of this subsection on
mutual neutralization.
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Hirsh et al (References 16-53, 16-54) have carried out after-
glow studies of ion-ion recombination using an r-f impedance probe
to determine the ion concentrations in air-like NZ'OZ mixtures fol-
lowing ionization by a pulse of MeV electrons, A differentially-
pumped mass spectrometer identified the principal ions undergoing
recombinationas NO*, NOi. and NO_;' Their earlier value (Refer-
ence 16-53), & n=(4-1)x107 8 cm3/gec at 300 K, was later re-
determined (Reference 16-54) as (3.4+1.2) x 10-8 cm3/sec, and
was also indicated as referring specifically to the reaction of
NOt + NO3 A value of (17.5%6) x 10-8 cm /sec was obtained for
NO* + NO, (Reference 16-541,

Mahan and Person (Reference 16-55) studied ionic recombination
in photoionized NO-NO;-noble gas mixtures using an apparatus which
did not employ mass analysis of the ions. They argued that the ions un-
der study were probably NO* and NO; . A parallel-plate ionization
chamber employing pulsed charge collection was used to determine
iondensities inthe afterglow. Atlowpressures, a two-body coefficient
a o (220.5) x 10-7 cm3/sec was obtained at 300 K from decay
curves exhibiting substantial f values, i,e., > 15, Thus, the quoted
error limit has more to do with uncertainties concerning the exact
form of the ions' spatial distribution than with slop~ measurement
errors,

More recently, a merged-beam apparatus has been used by a
group at Stanford Research Institute to obtain mutual-neutralization
cross-sections between a variety of mass-analyzed positive and nega-
tive ions over a range of center-of-mass energies from 0,1 tc
about 300 eV Systems that have been mvestlga.ted mclude H' + H',
Nt +07, 0" +07, He'+ D" N; + 03, 0} +0;, 02+Noz.
No' 4 NO , OE '\IO; , and 1\10++ NOj (References 16-56 through
16-64). Generall a.ll of the measured va.lues of &, lie between
0.5 and 3.0 x 107 cm3/sec, and all rates increase toward lower
energy.

A low-energy expansion of the Landau-Zener formula for these
reactions (Reference 16-59) was used to extrapolate the results to
thermal energies. After Boltzmann averaging, thermal rate coef-
ficients were obtained and reported (e.g., in (Reference 16-59) in
the form:

a TV = AT Y2 BecTl/24 DT, (16-17)
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where the constants A, B, C, and D were derived from a least-
squares fit to the measurements, and T is in K, At energies near
300K, only the first two terms are significant,

Measurements by the same group (Reference 16-64) on Nat + O~
yielded reaction rates similar to those of ot + O°, in contradiction
to the much larger values reported by Weiner, Peatman, and Berry
(Reference 16-65), On the other hand, their results on the systems
H* + H-, He' + H™, and He' + D (Reference 16-60) agreed well
with those of Harrison et al{References 16-66, 16-67), who used
colliding beams inclined at 20°, over an energy range from 125
to 10, 000 eV.

A multistate Landau-Zener method has been used for the calcula-
tion of neutralization cross-sections between atomic ions {(Reference
16-60}. The agreement with experimental data is usually within a
factor of two. Values for o, (300 K) were also calculated, and
exceeded | x 107 cm3/sec in every case. Calculations of this type
provide information concerning the final neutral states of the pro-
ducts of the reaction, which can assist in the interpretation of iono-
spheric phenomena (Reference 16-61). It is not clear whether
these calculations can he extended to include molecular systems.

16.3.3.2 OTHER TWO-BODY
PROCESSES

Other processes, such as neutralization with rearrangement of
the atoms in the molecules, may well offer (Reference 16-68) re-
combination cocfficiznts orders of magnitude smaller than for the
mutual neutralization process; these are omitted from consideration
here.

16.3.4 lon-lon Recombination—
Three -Body Processes

16,3.4.1 TIIOMSON RECOMBINATION

For the case of neutral-molecule-stabilized, positive-ion-nega-
tive-ion recombination, there exist measurements of recombination
rates for "a'r'" ions, whose identity, however, has not beenestablished.
Gardner (Reference 16-69) and Sayers (Reference 16-70) have mea-
sured the coefficients of Thomson recombination, k!&n' in pure oxygen
and in air, respectively, over the pressure range = 0.1 to 1 atmo-
sphere at as 300 K and verified the linear dependence of k on neutral
gas density predicted by Thomson's theory (Reference 16-71).
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A value kl}n" 3 x 10723 cm®/sec was obtained. Thus at pressures

in excess of 10 torr, Thomson recombination should outweigh two-
body mutual neutralization,

Similar results were obtained by McGowan (Reference 16-72) in
oxygen-nitrogen mixtures; however, this was without benefit of
mass identification, Mahan and Person (Reference 16-55), using the
method described earlier, have carried out a systematic study of
three-body ionic recombination which is thought to involve the fol-
lowing ionic reactions;

+ -
NO + NO2 + M - neutrals, (16-18)
No' + SF_ + M = neutrals, (16-19)
and:
+ -
C6H6 + be + M - neutrals, (16-20)

where the third-body M includes He, Ne, Ar, Kr, Xe, Hs, D,, and
NZ' Of greatest interest is the system, NOt + NOE + Nj, wher. a
rate constant kljn ~2x 10722 cmb/sec was obtained at 300 K. The
variation of k with choice of M lay between k = 4 x 10726 for He
and k = 3 x 10°23 for Xe.

There are no experimental measurements of the temperature de-
pendence of Thomson recombination; however, Thomson's {(Refer-
ence 16-71) and Natason's (Reference 16-73) treatments lead to a
predicted T;"° Z variation. Thus, for atmospheric ions it may be
estimated that:

-(25=0, 5) 5/2

Ky ~2x10 (T;/300)" em®lsec . (16-21)

16.3.2.2 OTHER TUIREE-BODRY
PROCESSES

Fueno et al (Reference 16-74) considered a two-step ion re-
combinaticn process, i.e, !

xt e Nz xnt (16-22)

followed by
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o XN+ Y o XY+ N {16-23)

the rate constant of which was calculated tobe k =1 x lO'26 cmblsec
at 300 K, and therefore should be of lesser importance than Thomson
, recombination.

Finally, the associative ion-ion recombination process, that is:

X + Y+ N=-XY+ N, (16-24)

appears (Reference 16-68) to offer a much smaller coefficient, k =
10727 ¢m /sec at 300 L, than Thomson recombination; this mechanism
is neglected in the present discussion, since its importance seems
highly questionable,

16.4 SUMMARY

Values for the appropriate recombination coefficients for all pro-
cesses where there is either sufficient experimental and/or theore-
tical information, or where there is a critical need for an estimate,
are contained in Table 16-1. In general, those values with larger
quoted uncertainties reveal a greater degree of guesswork which has
taken place in attempting to evaluate the kinetics of the process.
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